Silicon was found to be a constituent of certain glycosaminoglycans and polyuronides, where it occurs firmly bound to the polysaccharide matrix. 330-554 ppm of bound Si were detected in purified hyaluronic acid from umbilical cord, chondroitin 4-sulfate, dermatan sulfate, and heparan sulfate. These amounts correspond to 1 atom of Si per 50,000-85,000 molecular weight or 130-280 repeating units. 57-191 Silicon (Si) is essential for growth and general development (1). In all-plastic isolators that exclude the element from the environment (2, 3), growth of rats is reduced by 30-35% when Si-deficient aminoacid diets are fed, and bone deformations develop. Dietary supplements of silicate prevent these symptoms. Similar findings have been reported for chicks (4). Si, moreover, is needed in rats for normal pigment formation in the enamel of incisors (5).
structural organization of glycosaminoglycans and polyuronides. Thus, Si may function as a biological crosslinking agent and contribute to architecture and resilience of connective tissue.
Silicon (Si) is essential for growth and general development (1) . In all-plastic isolators that exclude the element from the environment (2, 3) , growth of rats is reduced by 30-35% when Si-deficient aminoacid diets are fed, and bone deformations develop. Dietary supplements of silicate prevent these symptoms. Similar findings have been reported for chicks (4) . Si, moreover, is needed in rats for normal pigment formation in the enamel of incisors (5) .
Even though it has been known for years that Si occurs in small, varying amounts in all animals, very little concrete evidence exists about its functional significance and biochemical behavior (6, 7) . In mammals, Si occurs most abundantly in connective tissue and related structures. While amounts in blood and parenchymal organs are relatively low, the Si content of skin, cartilage, ligaments, and other tissues of mainly mesodermal origin frequently exceeds 100 ,g/g dry wt (8)*.
In extensive experiments with cartilage and bovine-nasal septum we found Si to be strongly bound -to the organic matrix of these tissues. During attempts to identify the binding site of Si we discovered that certain glycosaminoglyeans, * Reported Si amounts vary greatly, depending on the analytical methods used. A large number of results (9, 10) obtained before development of suitable methods (11, 12) and the advent of plastic laboratory ware are much higher than those found more recently (8, 13) . Many of these older data must be discarded. notably hyaluronic acid, chondroitin 4-sulfate, dermatan sulfate, and heparan sulfate, contain relatively large amounts of the element, not as free silicate ions or silicic acid but as a firmly bound component of the polysaccharide matrix. High amounts of bound Si were also detected in two polyuronides, pectin and alginic acid. Stability tests and enzymatic studies provide evidence for the assumption that the Si is linked covalently to the polysaccharides in question, possibly as an ether (or ester-like) derivative of silicic acid, i.e., a silanolate.
MATERIALS AND METHODS
Eight of the mucopolysaccharides studied were standard reference samples obtained from Dr The colorimetric method was used to determine the amount of free, directly reacting silicate and silicic acid, and to determine the amount of total Si after sodium carbonate fusion in platinum crucibles. In some cases, indirect reacting Si was measured after treatment of various polysaccharides with dilute sodium hydroxide at 1000.
Details of experiments to liberate bound Si by dialysis, autoclaving, 8 M urea, alkali, or acid are described in Table 2 . For enzymatic hydrolysis of hyaluronic acid, hyaluronidase from bovine testes was used (Sigma, 348 units/mg). Depolymerization of hyaluronic acid was measured by the turbidimetric assay (16) with fraction V bovine albumin (Sigma). For the enzymatic breakdown of pectin, pectinase from Aspergillus niger was used (Sigma, approximately 1 unit/mg solid). Pectinase activity was followed by iodometric titration of reducing end groups (17, 18) .
RESULTS
Determination of Free, Unbound Silicic Acid. Free, unbound silicic acid in mucopolysaccharides can be directly determined by colorimetric analysis since, within reasonable limits, the presence of mucopolysaccharides and polyuronides does not (1973) Smaller amounts of bound Si (57-191 ppm) occurred in chondroitin 6-sulfate, heparin, and keratan sulfate-2 from cartilage. Hyaluronic acid from vitreous humor and keratan sulfate-1 from cornea were practically free of bound Si.
The highest amount of bound Si was encountered in purified pectin from citrus fruit, which contained over 2500 ppm by colorimetric analysis. Two samples of alginic acid from horsetail kelp differed in their Si content. Where one contained 456 ppm, an amount comparable to that found in acid mucopolysaccharides, the other was low in Si. A direct estimation of free silicate in the latter material was not possible since a precipitate formed upon addition of the ammonium molybdatesulfuric acid reagent. No such problem existed in direct analyses of the other samples tested, except for cornstarch.
The four polyglycans, glycogen, starch, dextran, and inulin, contained only minute amounts of Si, most probably as silicate. All had been manufactured under conditions that avoided exposure to strong alkali or acid. This consideration is important since the bond between Si and the carbohydrate matrix is sensitive to alkali and acid.
Comparison of Results of Colorimetric and Emission Spectroscopic Si Analysis. The results of Si determinations by dc arc emission spectroscopy in general confirmed those of the colorimetric method. In some cases, the two methods pro- Jug/g).
Experiments to Liberate Bound Si were done mainly with hyaluronic acid (sample a, standard reference sample) and pectin (sample n). The results obtained with these two materials were analogous, but the Si in pectin was less readily liberated by alkali or acid (Table 2) . While silicic acid ions were dialyzable against water or 0.1 N NaOH when added to solutions of mucopolysaccharides or polyuronides, only a small fraction of the bound Si was removed by extended dialysis (Exp. I, Table 2 ). The amount dialyzable corresponded to that liberated by prolonged standing in 0.1 N NaOH at room temperature (240 
DISCUSSION
The data show that firmly bound Si is a constituent of certain mucopolysaccharides and polyuronides, notably hyaluronic acid, chondroitin 4-sulfate, dermatan sulfate, heparan sulfate, and pectinic and alginic acids. We were unable to find any published reference to previous findings on the occurrence of Si in such compounds. t The element appears to be present as a derivative of silicic acid. Bound Si does not react with ammonium molybdate and is not dialyzable. Since it is not liberated by autoclaving or treatment with 8 M urea and is stable against dilute alkali and acid at room temperature, hydrogen bonding does not seem to play a decisive role in Si binding.
The findings thus lead to the conclusion that Si in glycosaminoglycans and polyuronides is covalently bound to the carbohydrate matrix, most likely as a silanolate, i.e., an ether (or ester-like) derivative of silicic acid and hydroxyl groups. The bridge between the Si atom and the carbohydrate polymer chain would consist of a Si-O-C group. This concept is strengthened by the results of the enzymatic studies.
Acid mucopolysaccharides with large amounts of bound Si are similar to each other in Si content, even though they are very dissimilar with respect to molecular weights. The Sicontaining acid mucopolysaccharides bind 1 atom of Si per 50,000-85,000 molecular weight; this corresponds to 1 atom of Si per 130-280 repeating units. Calculation of the molar ratios shows that there are, per atom of Si, about 0.3 molecule of hyaluronic acid from umbilical cord (molecular weight 230,-000), 2 molecules of dermatan sulfate (molecular weight 27,000), 4 mol of chondroitin 4-sulfate (molecular weight 12,000), 4 mol of heparan sulfate (if average molecular weight is assumed to be about 16,000), and 8 mol of chondroitin 6- sulfate. It remains to be seen whether these figures are coincidental or whether they express an innate regularity of mucopolysaccharide chemistry. The pectin contains 10-20 atoms of Si per mol (molecular weight 100,000-200,000), i.e., 1 atom of Si per 10,000 molecular weight. The minimum molecular weight of pectin is about 10,000 (21) . The Si could be attached to a suitable hydroxyl group of the uronic acid moiety. It is also possible, however, that Si is specifically connected to certain minority sugars that may occur at interspersed intervals in the polymeric glycan chain and act as tie-up sites. Bound Si may play an important role in the structural organizaiion of acid mucopolysaccharides and polyuronides.
In principle, Si could link two binding sites through a Rj-0
Si-O-R2 group; the Si atom would carry two additional radicals. Orthosilicic acid, Si(OH)4, could connect up to four binding sites directly. An alternative exists in which the Si atoms of two compounds would be linked by an oxygen-bridge, forming a R1-O-Si-O-Si-O-R2 group; the two Si atoms could bind up to four additional radicals by way of oxygen. Si has a strong tendency to form such groups (7, 22) . This tendency could lead to attachment of further Si atoms and formation of Si-O ring systems or polymers. Thus, firm structural arrangements between bundles of mucopolysaccharides, and also proteins, are possible. Such interlacing structures could hold acid mucopolysaccharides and also proteins together in an organized fashion, contributing to the architecture and resilience of connective tissues, e.g., cartilage (23) . Si functions as a biological crosslinking agent in connective tissue. Stereochemical questions arise from these considerations since the substituents of the Si atom, like those of the carbon atom, are arranged in tetrahedral geometry that is much more rigid than that in carbon chemistry. "Minimization of motion and angle distortion for nonreacting groups is an important factor in organosilicon mechanisms" (24) .
With respect to individual polysaccharide molecules, bound Si could function in several ways: (a) It could connect different portions of the same polymeric saccharide chain, establishing a secondary structure and controlling molecular shape. Si may contribute to the very high molecular size of glycosaminoglycans and polyuronides in their natural state. (c) Si could also link acid mucopolysaccharides to proteins. Almost all glycosaminoglycans, and many other polysaccharides, occur in nature primarily as protein-polysaccharide compounds (25) . Si could establish a bridge between glycosaminoglycans and collagen, or the globular protein found in the ground substance of connective tissue (26) . Such a link could exist aside from the well-documented polysaccharidexylosyl-serine-protein bridge and similar links found in proteoglycan molecules (27) .
A consistent difference is seen between samples of chondroitin 4-sulfate and those of chondroitin 6-sulfate, the latter containing only a fraction of the quantity of bound Si found in the former. Low amounts of Si could either be characteristic of chondroitin 6-sulfate, or they could be due to impurities. In view of the great difficulties in obtaining mucopolysaccharides in pure form, other samples in which we found low amounts of bound Si may also not have been homogeneous.
The data on pectin and alginic acid show that the occurrence of bound Si is not limited to acid mucopolysaccharides of animal origin.: However, the preparation of these products normally involves treatment with strong alkali or acid, often at elevated temperatures, conditions under which Si may be lost.
Numerous attempts have been made to extract and identify organic Si compounds from tissues, but in no case has a pure substance been isolated and chemically characterized (6, 7) . Si "esters" of lipids such as cholesterol, lethicin, and choline have been described after extraction of tissues by ethanolether. Holt and Yates demonstrated that such products are artifacts, obtainable in vitro by treating these compounds with soluble silicic acid. They arise from micelle formation of inorganic oligo-or polysilicate ions with organic compounds (10) . Similar derivatives have been described for carbohydrates. A critical review of these studies, and of Si in plant growth, is available (28) . Because of the stability of the bound form of Si in glycosaminoglycans and polyuronides presented here, micelle formation can be excluded from the interpretation of our findings.
The metabolic processes by which Si is assimilated are little understood, even though large amounts of the element are used for structural stability by diatoms, many higher plants, and two groups of animals, the Radiolaria (protozoa) and sponges. Limpets (Patellacea) assimilate Si to make opal baseplates for their teeth (29) . In diatoms, Si supplementation stimulates numerous enzyme systems and leads to an immediate increase in amounts of DNA. Inhibitors of energy metabolism interfere with the uptake of silicate.
Since Si is essential for higher animals and since it is apparently an integral constituent of acid mucopolysaccharides and polyuronides, the question arises whether there are common pathways of Si metabolism in bacteria, plants, and animals. With respect to mucopolysaccharides, it is theoretically possible that inorganic Si is bound after the macromolecular structure has been formed. An alternative, more plausible from stereochemical considerations, would consist of the incorporation of preformed mono-or disaccharide Si derivatives during synthesis of the polysaccharide chain. Investigations on the enzymatic formation of biological Si derivatives and on Si-containing intermediates appear indicated. The finding of Si as a constituent of glycosaminoglycans and polyuronides introduces a new aspect into the discussions surrounding the chemistry of these compounds.
